This review will provide the practitioner with an understanding of the spectrum of nontransplant surgical options for managing patients with short bowel syndrome (SBS).
INTRODUCTION
In children, massive small bowel resection (SBR) results in short bowel syndrome (SBS), a serious condition in which the ability of the intestine to absorb and digest nutrition is insufficient. SBS, and the requirement for total parenteral nutrition (TPN), can lead to a wide array of serious and life-threatening consequences, including diarrhea, dehydration, vitamin deficiencies, stunted growth, small bowel bacterial overgrowth, TPN-related cholestatic liver failure, venous thrombosis, and recurrent sepsis. After massive SBR, the main therapeutic goal is to obtain nutritional independence from TPN and its associated complications. Children who develop liver failure or recurrent catheterrelated sepsis may eventually be considered for small bowel transplantation, but, despite advances of this therapy, 5-year patient survival is roughly 64% [1] . Early in the postoperative period, an adaptive response typically occurs that increases both length and absorptive capacity of the remaining bowel. Often, this process alone is sufficient to provide intestinal autonomy. When adaptation is insufficient to achieve enteric autonomy, however, several surgical options may obviate the need for intestinal transplantation.
Timing is an essential consideration when considering a surgical intervention for intestinal rehabilitation. Early surgery may be unnecessary, as bowel adaptation and lengthening may prevent the need for long-term TPN. Late surgery exposes the patient to additional TPN-related costs and complications. Some series suggest a waiting period of at least 1 year as a minimum interval of time to allow a robust adaptation response [2] . A recent series by Wood et al. [3 & ], however, has suggested that patients undergoing operation at an early age (less than 365 days) received fewer central lines and weaned earlier from TPN than older (>365 days) patients undergoing operation. The approach to surgical timing needs to be individualized -if the patient is making progress toward enteral feeding tolerance with uncomplicated provision of TPN, operative intervention should be postponed. Earlier surgery must be considered, however, in the context of significant cholestasis or inability to advance enteral feeding.
PREOPERATIVE PLANNING
Intestinal failure in SBS patients is multifactorial and arises from a combination of pathophysiologic abnormalities, including rapid intestinal transit, decreased mucosal surface area, ineffective peristalsis, and reduced intestinal length. Several surgical approaches, which can be categorized based on the abnormality they primarily address, have been developed to address these abnormalities. A targeted and thorough assessment of a patient's intestinal length, caliber, motility, and transit is required to determine the indications for each procedure and create an operative plan.
As a first step, plain abdominal radiographs and a contrast upper gastrointestinal series with small bowel follow-through can provide a great deal of information regarding the patient's intestinal anatomy and function. Areas of partial obstruction and efficiency of transit should be sought. Simple interventions to relieve areas of partial obstruction, such as lysis of adhesions or resection of a focal stricture, may be all that is necessary. Surgery designed to slow intestinal transit would obviously not be indicated for a patient with underlying delayed transit. Although not very precise, the upper gastrointestinal series can provide an idea of small intestinal length and caliber. In patients with a proximal stoma, a contrast enema can estimate the amount of distal bowel available for subsequent reanastomosis and can identify areas of stricture.
The major goal of surgery is maximization of absorptive and digestive capacity, so, when feasible, patients with diverting stomas should have intestinal continuity restored. One advantage of a stoma, however, is that accurate daily stool volumes can be recorded. A threshold of 40 ml/kg/day of stool output generally should limit further advancement of enteral feeding.
INTESTINAL VALVES
Partially obstructing intestinal valves have traditionally been employed for patients with short intestinal length and normal caliber, but who are also hampered by rapid transit. The simplest techniques include the placement of sutures or an external Teflon collar around the circumference of the bowel [4] . Another method involves everting a bowel segment to create a small intussusceptum, slowing transit. This procedure is technically variable, particularly with regard to knowing the optimum length of bowel to evert and the direction of the intussusception (proximal versus distal bowel). Too long an intussusceptum can easily cause a bowel obstruction.
The clinical experience with intestinal valves is sparse and limited to small series or case reports [5] . In animal models, a partially obstructing valve induces intestinal dilatation and mucosal adaptation [6] . Noting this observation, Georgeson et al. [7] began performing staged intestinal lengthening procedures after constructing intussuscepting valves in which the partially obstructed bowel became dilated. In their series, several patients improved from lengthening of the previously nondilated bowel.
REVERSED INTESTINAL SEGMENTS
Whereas intestinal valves cause anatomic obstruction, interposition of a reversed, antiperistaltic segment of bowel creates a 'physiologic' valve. Reversed segments of intestine have been employed mostly in patients with postvagotomy diarrhea or dumping syndrome [8] . The exact length of bowel to be reversed is critical: too short a segment may be ineffective in slowing peristalsis, whereas too long a segment may create functional obstruction. Outcomes obtained in experimental and clinical series are somewhat disparate, which may be attributable to various lengths of reversed bowel used. Although 10 cm seems to be the most common length utilized in adult patients, beneficial effects have been described in infants when as little as 3 cm has been reversed [9] . Technically, the reversed segment should be placed as distally as possible to maximize the length of proximal bowel that can benefit from
KEY POINTS
Timing of surgical intervention in SBS patients is crucial in preventing unnecessary procedures and maximizing the likelihood of enteral independence.
Lengthening procedures commonly used in patients with dilated bowel are well tolerated and moderately successful in achieving enteral independence in carefully selected patients.
Both longitudinal and serial transverse lengthening procedures have shown good results, and no evidence supports the superiority of one procedure over the other.
the slowed transit and enhanced mucosal absorption. Reversed segments may have limited applicability in patients with extreme SBS, as construction of the reversed segment may compromise an already tenuous absorptive mucosal mass. In children, the reversed segment can potentially continue to grow and cause bowel obstruction. In addition, the reversed segment may not function normally, and thus effectively shorten the intestinal remnant, particularly if obstruction or ischemia occurs.
The largest series of reversed intestinal segments was recently reported, composed of 38 adult patients with the SBS [10 & ]. With a median length of follow-up of 57.7 months, 45% of patients had weaned from parenteral nutrition, and 5-year survival was 84%. A confounding variable in several reports of reversed segments is that the procedure is done concurrently with ostomy closure, making it difficult to determine which factor was most important (adding more bowel in continuity versus the reversed segment) [2, 6] . Although outcomes are mixed [11] , there may be a role for this procedure as well as for intestinal valves when the bowel caliber is normal and transit is rapid.
COLON INTERPOSITION
A surgical option less widely used consists of interposing a segment of colon between two limbs of small bowel in patients with rapid intestinal transit. Although the exact mechanism is not well understood, colonic interposition has been studied experimentally and applied clinically in the management of SBS. The interposed colon segment is generally placed proximally and its slow, segmental peristaltic contractions probably slow the rate at which nutrients are delivered to the distal bowel. This interposed colon can also absorb nutrients, water, and electrolytes. There appear to be adaptive changes within the transposed colon segment involving the mucosa (which contains Paneth cells normally exclusive to small bowel) [12] and the longitudinal smooth muscle layer [13] .
Isoperistaltic colon interposition in the management of the SBS was first reported in beagle puppies following 90% SBR [14] . When compared with animals undergoing resection alone, the dogs with the interposition had prolonged intestinal transit, better weight gain, and less stool output of fecal fat. Colon interposition has been clinically beneficial in both children and adults. In the largest series of children with SBS, isoperistaltic colon interposition allowed six of nine patients to wean from parenteral nutrition completely [15] . The other three patients died from complications secondary to parenteral nutrition. No reported morbidity or mortality was associated with the interposition procedure.
The small number of patients reported precludes determination of the ideal length of colon to utilize, but reports range from 8 to 24 cm. This appears to be useful for slowing intestinal transit, with success in about 50% while not compromising the viability of the small bowel. This procedure may be considered in patients with an intact colon when the small bowel has not become dilated.
TAPERING ENTEROPLASTY
Patients with SBS often undergo progressive dilation of the remnant bowel. This can be segmental, but often affects a large portion of the bowel. Dilated segments have ineffective peristalsis due to failure of bowel wall apposition during contraction. The resulting low contraction pressures cause a to-and-fro motion of the enteric contents, setting the stage for stasis, functional bowel obstruction, and bacterial overgrowth. Optimally, such a segment of bowel can be resected if the affected length is short and sufficient healthy intestine remains. Unfortunately, the bowel of SBS patients is short in length and predominantly dilated, a situation that precludes resection.
Tapering enteroplasty reduces the bowel caliber while preserving intestinal length. This is accomplished by excising an antimesenteric portion of the bowel, leaving the mesenteric tube of bowel intact. The tapered intestine caliber is significantly smaller, and therefore peristalsis becomes more effective and improves adaptive capacity of the bowel [16] .
In a large series of 160 adult and pediatric patients with SBS [17] , 11 children ranging in age from 6 months to 9 years had dilated intestinal segments and remnant lengths longer than 30 cm. All had associated bacterial overgrowth and malabsorption. Enteroplasty was performed on the duodenum (n ¼ 3), jejunum (n ¼ 3), or ileum (n ¼ 5). Nine of the 11 patients were weaned completely from parenteral nutrition. Two patients experienced recurrent malabsorption and underwent a subsequent lengthening surgery. As compared with a lengthening procedure, tapering is associated with lower operative morbidity and is preferred when small intestinal length and degree of dilatation are sufficient [18] .
An alternative to resection of the antimesenteric bowel is plication, wherein the bowel is folded and sutured into the lumen. This theoretically preserves the mucosa for better absorption while at the same time decreasing the overall bowel caliber [19] . Unfortunately, the suture lines tend to eventually break down, and bowel dilation and functional obstruction recur.
INTESTINAL LENGTHENING PROCEDURES
In 1980, Bianchi [20] provided an early description of a surgery designed to actually increase the length of the intestine. Alternately referred to as longitudinal intestinal lengthening and tailoring (LILT), the Bianchi procedure appears to be most successful for patients who have undergone a period of normal bowel adaptation following resection [21] . LILT utilizes the anatomy of the bowel's mesenteric blood supply, which bifurcates just proximal to the edge of the bowel wall to supply one-half of the circumference. The bowel can be safely divided along its longitudinal axis into two tubes with independent blood supply that are half the circumference of the original bowel (Fig. 1a) . These 'tubes' can be either created with a gastrointestinal anastomosis stapler or hand-sewn. The two newly constructed tubes of bowel are then connected in an isoperistaltic fashion, resulting in a segment of bowel with double the length and half the circumference of the original (Fig. 1b) . Thus, LILT both increases the contact time of luminal nutrient with the absorptive mucosa (increased length) and improves peristalsis (smaller caliber). A variation of this technique involves entering one side of the bowel limb at the initiation of the lengthening and exiting the other side once the lengthening has completed [22] . This permits the use of only a single anastomosis and is a very useful technical modification.
Bianchi [23] reported a series of 20 children who underwent this lengthening procedure over a 16-year period of time. Long-term survival was 45%, and intestinal length greater than 40 cm, and no evidence of significant liver disease (determined by absence of clinical jaundice) at the time of reconstruction predicted survival. An analysis of children referred for intestinal transplantation after failed lengthening procedures at the University of Pittsburgh revealed similar concerns for the application of this procedure in neonatal patients, those with extremely short intestinal length (< 50 cm), or with the presence of jaundice [24] . Finally, this procedure is certainly not without long-term morbidity. As documented by Waag et al. [25] , who reported on 18 survivors of the Bianchi procedure, morbidities included hyperphagia, hyponatremia and hypochloremia, metabolic acidosis, D-lactic acidosis, cholelithiasis and urolithiasis, gastroesophageal reflux, and symptoms caused by secondary dilatation of the lengthened bowel loops. It is, therefore, essential that patients are followed closely after this procedure.
A large series of patients (n ¼ 43) undergoing longitudinal lengthening, in which 55% of patients weaned completely from parenteral nutrition, was reported by Sudan et al. [26] . In another series of 53 patients, 79% successfully weaned from parenteral nutrition with overall survival of 77% [27] . Both reports found significance in bowel length, liver function, and ability to wean completely from parenteral nutrition as prognostic features for survival.
The most recently described operation aimed at intestinal lengthening is the serial transverse Surgical options to enhance intestinal function Sommovilla and Warner enteroplasty (STEP) procedure [28] . As the name suggests, the dilated small bowel is lengthened by serial transverse applications of a stapler from opposite directions, creating a zig zag channel (Fig. 2) . STEP can provide near doubling of bowel length. In a recent report of the International Serial Transverse Enteroplasty Data Registry, overall mortality was 11%, and 47% of patients attained full enteral nutritional support [29] . As with LILT, predictors of death or progression to intestinal transplant after STEP were higher direct bilirubin and shorter bowel length. A study of 5-year outcomes of 12 patients following the STEP procedure in children revealed two who underwent intestinal transplantation and two patients who died [30] . Of the remaining eight patients, seven weaned successfully from TPN. Another report from Seattle Children's Hospital performed nutritional analysis on 15 children undergoing the STEP procedure. Twelve of the patients in this series experienced improved enteral tolerance, and nine achieved enteral autonomy. Interestingly, five of the six patients remaining TPN-dependent had an initial diagnosis of gastroschisis, and no gastroschisis patient achieved enteral autonomy. Acknowledging the small numbers in this series on which to base conclusions, the authors suggest that gastroschisis might present specific abnormalities with respect to intestinal motility that interfere with some of the benefits of the STEP procedure [31] . One of the notable risks of either a Bianchi intestinal lengthening or the STEP procedure is recurrent bowel dilation. In this setting, repeat STEP can be performed [32] , and there is even a description of a successful post-STEP LILT [33] . Recurrent dilation, regardless of the initial lengthening procedure, appears to be associated with a worse prognosis [34] .
CONCLUSION
Given the rarity of lengthening procedures, there is no good evidence suggesting superiority of either LILT or STEP procedures. A recent review by Frongia et al. [35] extracted data from 39 retrospective case series on 363 and 109 patients undergoing LILT and STEP procedures, respectively. They found the procedures to have similar historical impact on improvement of enteral nutrition and reversal of parenteral nutrition-related complications, but a slightly lower rate of mortality and progression to transplantation for the STEP procedure. Certainly, a larger study would need to be conducted to prove the superiority of one procedure over the other. Both options, however, appear to be safe and successful in preventing the most severe sequelae of SBS, parenteral nutrition, and the need for intestinal transplantation.
